If distinct molecular pathways affect different traits within the infinite features 124
defining the architecture of a leaf, then the outline and venation topology of leaves 125 should theoretically be decomposable into latent shapes (14). For example, shape 126 differences defining species, regardless of developmental context, may vary 127 distinctly from those features that define developmental context, regardless of 128 species. These shapes are latent because they globally affect leaf shape in different 129 ways, and each of the features comprising the latent shapes alone do not necessarily 130 discriminate the effects of genetics or development. From this perspective, the 131 shape of a given leaf-from any species, from any time point during development or 132 any position in the plant-would result from the confluence of latent shapes 133 regulated by these processes. The single organ that we call a leaf would actually be a 134 composite of latent features that vary by genetic versus developmental effects, 135
independently from each other. 136 137
Grapevine (Vitis spp.) leaves exhibit a breathtaking range of variation in leaf shape, 138 making this genus ideally suited to explore evolutionary and developmental 139 influences on form (Fig. 1) . Variation in leaf lobing and leaf margins have been used 140 by taxonomists to delimit the nearly 60 species in the genus (15, 16) . Leaf shape is 141 also important in assessing intraspecific variation in the European grapevine (Vitis 142 vinifera ssp. vinifera), which is grown around the world for wine --making and table  143 grapes. Unique among crops, variation in grape leaf shape (together with other vine 144 features) was once, and is still today, used by viticulturists to quantitatively classify 145 grape varieties, a field known as ampelography (αμπελος, "vine" and γραφος, 146 'writing') (17). Grape leaves have several homologous points amenable to 147 landmark--based analyses (18, 19) , increasing the biological interpretation of 148 morphometric data compared to species with stochastic venation topologies or 149 limited homology (such as Arabidopsis, tomato, Antirrhinum, etc.). Like Hales' grid of 150 pins (1), naturally homologous points in grape leaves allow developmental stage 151 and leaf number effects to be quantitatively tracked, potentially revealing separable 152 latent processes contributing to the composite morphology known as a leaf. 153
Results

156
Developmental stage versus leaf number 157 158
To determine the effects of developmental stage, leaf number, and evolutionary 159 lineage (taxonomic identity) on leaf shape we scanned >3,200 leaves from wild 160 relatives of domesticated grape held by the USDA germplasm repository in Geneva, 161 NY. Like many living collections of perennial crops, the Geneva repository houses 162 multiple genotypes of different Vitis species in common conditions. In addition to an 163 extensive collection of assorted V. vinifera hybrids, the repository includes wild-- Vitis leaves possess a midvein, distal and proximal veins, a petiolar vein, as well as 173 proximal and distal lobes and sinuses, and wide variation in the width of the petiolar 174 sinus (Fig. 1A) . We leverage these points and others to measure 17 homologous 175 landmarks in all leaves (Dataset S1). Later, we compare the leaves from the wild 176 relatives of grape described above to previously published data on 1,200 varieties of 177 domesticated grape (19), which we describe in subsequent sections. 178 179
For each vine accession, a representative shoot was selected and the shoot position 180 of each leaf recorded (Fig. 1B--C) . Developmental stage is measured by counting 181 from the youngest, first measureable leaf at the shoot tip. The time between 182 successively initiated leaves is a plastochron, and the youngest initiated leaf 183 primordium at the shoot apical meristem is denoted plastochron 1, P1 to indicate 184 this. But because we begin not with P1 (which is microns in size) but with the first 185 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/018291 doi: bioRxiv preprint first posted online Apr. 21, 2015; measureable leaf (~1 cm in size), we use S1 (for "stage") to denote the youngest 186 measured leaf at the shoot tip counting numerically upwards (S2 . . . Sn) in a 187 basipetal direction towards the shoot base. Contrastingly, leaf number begins with 188 the first initiated leaf (L1) found at the shoot base and counts numerically upward 189 (L2 . . . Ln) in an acropetal direction towards the shoot tip (Fig. 1C) . These two 190 metrics are used to differentiate the effects of developmental stage (Sn) from leaf 191 number (Ln) (Fig. 1C) .
193
The effects of developmental stage are expected to be strongest in young leaves at 194 the shoot tip (with low S numbers and high L numbers; developmental stages, and leaf numbers ( Fig. 2A) . More than half of the shape 209 variance, represented by PC1 and PC2, is influenced by lobing and the width of the 210 petiolar sinus. Low PC1 and high PC2 values readily distinguish highly dissected 211
Vitis species and some members of the related genus Ampelopsis (Fig. 2B) (Fig. 2C--D) . PC2 and 218 PC3 values are largely indistinguishable between species across developmental 219 stages (Fig. 2C ) and leaf number (Fig. 2D) , suggesting strongly conserved 220 morphological features in developing leaves across species for these shape 221 attributes, particularly for early developmental stages (Fig. 2C) . Because PCs are 222 orthogonal (i.e., uncorrelated), the fact that species, developmental stage, and leaf 223 number correlate differentially with PCs is suggestive that each might be 224 represented by independent shape attributes present within leaves. Re--visualizing 225 the morphospace by developmental stage (Fig. 2E ) and leaf number (Fig. 2F ) 226 demonstrates these factors mostly vary by PC2 and PC3, whereas species shape 227 differences traverse along morphospace paths defined by PC1, PC2, and PC3 (Fig.  228 
2B). 229 230
To help qualitatively understand the different ways grape leaves differ among 231 species and developmental contexts, we compared average shapes (Fig. 3) . One 232 trend among species is that related members of Moore's Series Ripariae (V. 233 acerifolia, V. riparia, and V. rupestris) (15, 20) are defined by a shallow petiolar sinus, 234 especially V. rupestris (Fig. 3A) . Outside of the Ripariae, V. vulpina and V. cinerea 235 also exhibit shallow petiolar sinuses but to a lesser extent, while the petiolar sinus 236 of the remaining species (V. aestivalis, V. labrusca, V. palmata, V. coignetiae, V. 237 amurensis) is more acute. Vitis palmata exhibits especially deep distal lobing relative 238 to other species. Each species' leaves also vary by developmental stage (Fig. 3B) and 239 leaf number (Fig. 3C) attributes (whether species, developmental stage, or leaf number) from each other 248 using all measured shape information. The resulting linear discriminants can be 249 used to predict the apparent class of a leaf and are useful for comparing actual 250 versus apparent leaf identities as confusion matrices (Fig. 4) .
252
Linear discriminants separating species, without regard to developmental stage or 253 leaf number, can be used to predict species identity (Fig. 4A--C) . For most taxa, the 254 largest proportion of predicted leaves corresponds to the taxonomic identity 255 assigned to that species (Fig. 4B, can predict the developmental context of a leaf for either measure (Fig. 4D--4I) . 277
Developmental stage can be predicted with a Spearman's correlation coefficient of 278 .
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/018291 doi: bioRxiv preprint first posted online Apr. 21, 2015; rho = 0.70 (Fig. 4D) , and leaf number with rho = 0.61 (Fig. 4G) . Prediction of both 279 developmental stage and leaf number is more accurate at the beginning of their 280 respective series, where the effects of each are anticipated to be the strongest (Fig.  281   1C) . Based on these observations we conclude that developmental context, 282 measured by either developmental stage or leaf number, can be predicted 283 independently of genotypic information. These results suggest that the effects of 284 development on leaf shape are conserved across genotypes and species, and have 285 implications for isolating distinct molecular pathways that affect leaf shape over 286 evolutionary versus developmental time scales. 287 288
The ability to predict developmental context separate from species identity provides 289 a method to quantify differences between species attributable to changes in 290 developmental timing, also known as heterochrony. For each leaf, we calculate 291 relative developmental stage and relative leaf number as the apparent value minus 292 the actual value (e.g., an S5 leaf predicted to be S7 would have a relative stage value 293 of +S2, and an L4 leaf predicted to be L2 would have a relative value of --2L). Within Vitis, the identity of inflorescences, which appear opposite leaves, transform 308 from clusters at the shoot base to tendrils at the shoot tip (21--24) (Fig. 1C) . Both 309 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/018291 doi: bioRxiv preprint first posted online Apr. 21, 2015; changes in leaf shape at successive nodes and the transformation of inflorescence 310 identity indicate temporal changes in the development of the shoot apical meristem, 311 known as heteroblasty. The cluster--to--tendril transformation serves as a discrete, 312 binary indication of the heteroblastic transition. If heteroblasty regulates both the 313 latent shapes predicting leaf number and the cluster--to--tendril transition, we would 314 assume they would be correlated. Indeed, there is a significant negative correlation 315 between relative leaf number and the first node a tendril is observed: that is, in 316 vines with precocious, adult leaves (i.e., higher relative leaf numbers, typical of 317 leaves found more towards the shoot tip), tendrils appear at earlier nodes closer to 318 the base of the shoot, linking two different measures of premature heteroblastic 319 change (Fig. 4I) . Moreover, this correlation is not observed for relative 320 developmental stage (Fig. 4F) . Taken prominence of the leaf tip and the shallowness of the petiolar sinus (Fig. 4J--L) . The 327 shape changes for these two factors are inversely related, but obviously 328 distinguishable from each other, given their differential correlation with tendril 329 position (Fig. 4F, 4I) . Upon closer inspection, the distal lobe tips and the branch 330 point of the petiolar vein distinguish shape changes attributable to developmental 331 stage and leaf number (Fig. 4L) , isolating the shape attributes unique to these 332 functionally distinct processes. 333 334
Morphological differences between domesticated grape and wild relatives 335 336
Previously, we measured >9,500 leaves from V. vinifera subsp. vinifera 337 (domesticated grape) and its wild progenitor V. vinifera subsp. sylvestris. These 338 leaves, collected from the USDA germplasm repository in Winters, CA, represent 339 over 2,300 vines and 1,200 varieties (19). These leaves were sampled to measure 340 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/018291 doi: bioRxiv preprint first posted online Apr. 21, 2015; purely genetic effects and minimize the influence of development by collecting four 341 successive leaves from the midpoint of the shoot. That species identity can be 342 predicted independently from developmental context in wild Vitis spp. (Fig. 4A--C We wanted to compare leaves from domesticated grape and its wild progenitor to 348 the other Vitis species described above. To do so, we restricted our analysis in silico 349 to leaves at the same shoot positions we had originally collected in domesticated 350 grape (the four leaves closest to the midpoint of the shoot). In the combined 351 morphospace, PC1 and PC2 describe nearly 60% of shape variance (Fig. 5A) . Similar 352 to the wild Vitis species--only morphospace ( Fig. 2A) represented by high PC1 values is particularly strong (Fig. 5A) . Leaf dissection 356 defined by high PC1 and high PC2 values clearly delineates less lobed wild Vitis 357 species from more acutely lobed domesticated grape varieties (Fig. 5B) While there are clear patterns in leaf shape related to development and species 362 identity, correspondence between the morphospace of wild and domesticated Vitis 363 species and evolutionary relationships among Vitis species is complex. Some, but 364 not all, well--known phylogenetic relationships are reflected in leaf morphology. 365 (Fig. 5C) (20, 25) . Notably, clustering averaged shapes from different genotypes 366 reveals that V. vinifera subsp. vinifera is morphologically sister to V. vinifera subsp. 367 sylvestris, well--known to be the wild progenitor of the domesticated grape (Fig. 5C shape may bear signatures of recent evolutionary events, leaf shape does not appear 390 to track with phylogeny at larger scales; distantly related species, even from distinct 391 genera, resemble each other in leaf shape through evolutionary convergence. 392 393
Changes in developmental timing underlie morphological diversity in domesticated 394
grape leaves 395 396
Even though leaves from equivalent positions in the shoot clearly separate species 397 and varieties by genetic effects (Fig. 5) , such effects may still be developmental in 398 nature, an example of heterochrony. If changes in the relative timing of 399 developmental stage (Sn) or leaf number (Ln) have occurred, they would contribute 400 to morphological differences between species, as described above for wild Vitis spp. 401 (Fig. 4E, 4H) . The conserved latent shapes defining developmental stage and leaf 402 .
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number in morphologically disparate Vitis species can be used predictively to detect 403 such changes in timing. 404 405
We used wild species leaves, from S1--S10 and L1--L10 (where developmental stage 406 and leaf number effects are the strongest, respectively) as a training set, to predict 407 the stage (Sn) and leaf number (Ln) values of domesticated grape leaves (Fig. 6) . 408
When comparing leaf averages across predicted developmental stages (Fig. 6A) and 409 leaf numbers (Fig. 6B) , it is apparent that variation in petiolar sinus depth is the 410 major predictor of developmental timing in domesticated grape leaves (Fig. 6C) . 411
Variation in the petiolar sinus is a recurrent theme in morphology associated with 412 both developmental stage and leaf number (Figs. 3B--C; 4J--L) . Indeed, the predicted 413 developmental stages and leaf numbers of domesticated grape leaves are 414 significantly correlated with PC1 and PC2 (Fig. 6D-- 
E, 6G--H; Dataset S2), which 415
together explain near 60% of total shape variance for measured Vitis genotypes (Fig.  416   5A) . From this, we conclude that latent shape attributes modulating developmental 417 stage and leaf number explain large amounts of shape variance in domesticated 418 grape, indicating changes in developmental timing (heterochrony) underlie the 419 morphological evolution of grape varieties. 420 421
The relationship of leaf shape and timing to other traits in domesticated grape 422 423
Previously, numerous other traits, from timing of bud burst and flowering to berry 424 ripening and titratable acids and sugar content, had been measured on the 425 domesticated grapevines described above (19). We were curious about the 426 correlational context of overall leaf shape (represented by PCs) and developmental 427 timing (predicted developmental stage and leaf number) to these other traits. One 428 trait, "PETSINMALF 2009", is a qualitative, 0--8 rating of petiolar sinus depth, and is 429 tightly correlated to PC1, PC2, and predicted developmental stage and leaf number, 430 confirming that our quantitative measures reflect intuitive perceptions of leaf shape. 431 (Fig. 6F, 6I--J; Dataset S2) . Leaf morphology traits, including predicted 432 developmental timing, are largely separate from bud burst and bloom dates 433 .
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("BUDBURST DATE", "BLOOMDATE", "LEAFDATE"), indicating that these timing 434 features are separate from the overall transition to reproductive development in 435 grapevine (Fig. 6J) . Further, leaf shape is distinct from overall size of leaves ("LEAF 436 SIZE"), demonstrating that grape leaf shape is not merely a developmental 437 constraint correlated with overall size (i.e., allometry) (Fig. 6J) . One group of traits 438 significantly correlated and clustering with leaf shape is hirsuteness, both in leaves 439 and the shoot ("LEAF HAIR", "SHOOT HAIR"), which we had observed previously in 440 domesticated grape (19). Leaf hirsuteness varies by both developmental stage, as 441 trichomes become less dense as the leaf expands, and also by leaf number. It is 442
interesting to think about how thermoregulation, disease resistance, or other 443 trichome mediated functionality may vary as a developmental constraint as 444 developmental timing changed over the evolution and domestication of grapevines. 445 446
Discussion
448
Many descriptions of complex traits, from faces to voices, and even the evolution of 449 cultural products, such as violins (29--32) potentially stand to benefit from isolating 450 features uniquely regulated by distinct pathways. Like a face, leaf shape is 451 modulated in complicated ways by genetics, development, and the environment. 452
The latent shapes we describe here, describing developmental stage and leaf 453 number, embedded within the overall shape of a leaf, and conserved across the 454 genus Vitis, fit the definition of a "cryptotype". Recently, we had suggested the use of 455 this term in biology, which we borrowed from linguistics, which uses both 456 "phenotype" and "cryptotype" parallel to the biological definitions (14, 33). descriptions of leaf development exist (42) , and the crosstalk between these two 495 .
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processes is large. Strangely, even though molecular correlates of leaf development 496 and heteroblasty have been uncovered, a phenotypic basis for the morphological 497 effects of temporal patterning remains obscure, except in a qualitative sense. 498
Decomposing complex morphologies into latent morphs regulated by distinct 499 pathways is required to precisely describe the mechanisms that, together, produce 500 the composite shape of a single leaf. 501 502
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Materials and Methods
509
Germplasm, sample collection, and scanning. Over 270 vines in the USDA Vitis 510 germplasm collection in Geneva, NY were sampled in June, 2013. Using an automatic 511 label maker, vine identification number and the identity of organs (or lack thereof) 512 at each node, beginning with the first sampled leaf at the tip, was recorded in the 513 field. Leaves, beginning with the first leaf at the tip that could be flattened and 514 scanned (~1 cm in length), were collected in order, shoot tip to base, as a stack and 515 placed into a Ziploc bag to which the label was affixed. A single shoot was collected 516 per vine, and bags were placed into a cooler until scanning. A description of the 517 number of vines (genotypes) collected for each species and hybrid, as well as the 518 number of leaves representing different developmental stages (Sn) and leaf 519 numbers (Ln) can be found in supplemental information (Fig. S1) . 520 521
Leaves were arranged on a scanner (Mustek A3 1200S), in the collected order from 522 the shoot, and next to each leaf was placed a small label indicating nodes (as 523 measured by developmental stage) and organ identity opposite the node ("C", 524
cluster; "T", tendril; "N", no organ). The abaxial side of leaves was imaged. The file 525 name of the image indicates the vine ID, and the appended letter indicates which 526 developmental stage, and leaf number were all analyzed independent of each other. 558
The predict function (stats package) and with each other and morphometric and predicted temporal data using the rcorr 574 function from Hmisc (48) using Spearman's rho and false--discovery rate controlled 575 using the Benjami--Hochberg procedure (49). Hierarchical clustering for V. vinifera 576 subsp. vinifera traits, and for averaged Procrustes--adjusted coordinates for species 577 throughout the genus Vitis, was carried out using the hclust function on a distance 578 matrix calculated from correlation performed on complete, pairwise observations 579 and visualized using the as.phylo function from the package ape (50). 
